INTRODUCTION
============

Many randomized, controlled clinical trials in idiopathic pulmonary fibrosis (IPF) have been implemented and completed over the last decade and a half \[[@R1]\]. Unfortunately, most of these trials have ended with the frustration of failure despite early hope for success that was based on biologic plausibility, promising phase 1 and 2 data, and subgroup analyses from phase 3 studies. Since study interpretation is based upon demonstrating a significant difference in the primary endpoint, choosing the correct endpoint is integral to demonstrating success of any therapeutic agent. What constitutes the best primary endpoint has generated much controversy. Indeed, articulate and convincing arguments have been espoused for and against some commonly used and proposed metrics \[[@R2]--[@R4]\]. This review will discuss the most commonly used and proposed endpoints with a focus on their utility and potential pitfalls (Table [1](#T1){ref-type="table"}).  
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FORCED VITAL CAPACITY
=====================

The forced vital capacity (FVC) has been the most commonly employed and accepted endpoint in clinical trials of IPF to date [@R5]. It has many advantages that include being relatively easy to measure and reproduce. It is also commonly regarded as reflecting the burden of the fibrotic disease process. Although both the baseline FVC as well as FVC change have been shown to be associated with subsequent survival \[[@R6]--[@R8]\], it remains controversial as to whether the FVC is, can, or should be regarded as a surrogate for survival \[[@R2],[@R3]\].

The change in the FVC over time is the outcome measure of interest, but how best to evaluate the change remains unresolved. Typically, it has been the mean change in FVC for the patient cohorts that have been reported. However, mandating a categorical or threshold change in FVC has the advantage of reducing any 'noise' due to the inherent variability of the test. This has commonly been regarded as approximately 10% and any change that breaches this boundary has previously been regarded as the minimal difference that defines a true change. However, there are data to suggest that even a change as small as 5% is associated with increased mortality \[[@R7],[@R8]\]. Whether an absolute change or a relative change in the FVC provides the best measure of FVC change over time remains unresolved \[[@R9]\]. Whereas the absolute change has been used traditionally, the relative change does 'autocorrect' for the baseline FVC. A more recently proposed method for evaluating the change in the FVC is to measure the slope of change \[[@R10]\]. This has the advantage of incorporating all FVC measurements obtained for the duration of the study, rather than evaluating change between two predefined time points. Furthermore, this method may mute the influence of the intrinsic variability of the test. This concept also raises the issue of how often the FVC should be measured during the course of a study. Traditionally, this has been every 3 months, but there are no data to support this as the optimal period. A subsequent consequence is that a number of patients will progress and die within this timeframe without prior documented significant change in their FVC \[[@R11]\]. These 'missed' events might also be one of the reasons that FVC has not been universally accepted as an adequate surrogate for mortality.

The results of the recently released ASCEND study of pirfenidone provide support for the use of the FVC as a valid IPF study endpoint and as a surrogate for mortality \[[@R12]\]. Specifically, the ASCEND study demonstrated a positive treatment effect on the rate of change in the FVC in association with a mortality benefit. The significant mortality benefit was confirmed by the prespecified combined analysis of the ASCEND dataset with the two prior CAPACITY (Clinical Studies Assessing Pirfenidone in Idiopathic Pulmonary Fibrosis: Research of Efficacy and Safety Outcomes) studies of pirfenidone \[[@R12],[@R13]\]. The total number of patients required to demonstrate the mortality benefit from the three pooled studies was approximately 1250, which underscores the difficulty and cost of studies with mortality as the primary endpoint.

THE SINGLE BREATH DIFFUSING CAPACITY FOR CARBON MONOXIDE
========================================================

Although there are data to suggest that the single breath diffusing capacity for carbon monoxide (DLco) performs better as a prognostic indicator than the FVC \[[@R6]\], it is more difficult to measure, requires a breath hold that can be difficult for more symptomatic patients and has greater intrinsic variability. The variability has commonly been recognized as being as high as 15%, which is the threshold that has typically been utilized to signify a significant change. When the DLco has been used in clinical trials, it has mostly been the absolute DLco measure without correction for the alveolar volume. Therefore, the DLco will tend to track with the FVC if it is used uncorrected for lung volumes, which raises the issue of colinearity between these two pulmonary function measurements. Therefore, the Kco value (transfer coefficient for carbon monoxide), which is actually the primary measurement and represents the DLco adjusted for the alveolar volume, might be the better parameter to serve as an endpoint \[[@R14]\].

THE SIX-MINUTE WALK TEST
========================

The 6-min walk test (6MWT) is commonly employed to provide a measure of a patient\'s functional status. There is a growing body of literature attesting to its use in IPF with the baseline 6MWT distance having been shown to correlate with outcomes \[[@R15]--[@R18]\]. The minimally important difference has been examined in numerous studies and defined as anywhere from approximately 24--45 m \[[@R19],[@R20]\]. Therefore, similar to the change in the FVC, it might be better to prespecify a categorical change. Apart from the distance, the oxygen saturation profile, Borg dyspnea score and pulse rate might also provide very useful ancillary information. While patients have been noted to continue to desaturate upon completion of the test, there is increasing recognition that it is the pulse rate recovery (PRR) that imparts important prognostic information \[[@R21],[@R22]\]. The PRR is defined as the difference between the pulse rate at the end of the walk period and after 1 min of rest during the recovery phase. The smaller the pulse rate change, the worse the prognosis, with a cut point of 13 beats per minute proposed as best discriminating outcomes \[[@R21]\]. The PRR has been demonstrated to be a better prognostic indicator than any other 6MWT parameter, and it has also been shown to correlate closely with the presence of underlying pulmonary hypertension \[[@R22]\].

Standardization of the 6MWT has also been an issue of ongoing debate. The optimal method to manage the amount of supplemental oxygen utilized during the course of the walk is uncertain. However, the most important irrefutable concept is that every patient should be walked on the same amount of oxygen throughout the study. Whether there should be a 'safety net' of a low saturation as a stop signal or whether patients should be relied upon to halt if they get too symptomatic are also open to debate. Other issues include the role of a 'training' 6MWT, the number of baseline tests to perform, and whether it should be the average of the baseline tests or the best result that are used for analysis purposes \[[@R23]\].

HOSPITALIZATION
===============

Hospitalization is undoubtedly a very important patient-related outcome. Not only does hospitalization have mortality implications, but it also has healthcare resource utilization ramifications. A consensus panel has proposed that all-cause nonelective hospitalization should be regarded as one of the only two suitable endpoints for IPF clinical trials, with the other endpoint being mortality itself \[[@R2]\].

Whether a hospitalization endpoint is best represented by all-cause, respiratory-related, acute exacerbation or suspected acute exacerbation events remains unanswered (Brown *et al*., in preparation) [@R24]. Details that meet criteria for an acute exacerbation versus other respiratory complications as a cause of hospitalization can be very difficult to tease out. Indeed, in the recently completed INPULSIS studies of nintedanib, only about one half of the 69 investigator-reported acute exacerbation events were ultimately deemed to be an acute or suspected acute exacerbation by an independent adjudication committee \[[@R10]\].

There are data to suggest that both all-cause and respiratory hospitalizations are associated with poor subsequent outcomes (Brown *et al*., in preparation). All-cause hospitalizations may be regarded as a composite between nonrespiratory and respiratory events. It is conceivable that the majority of the events might be nonrespiratory in nature, and a positive signal might be 'lost' in the context of this composite. Another issue is that practice habits may vary amongst providers, regions and countries where there are differing thresholds and criteria for hospital admissions.

The time lag from the onset of drug administration to the hospitalization event might also be an important consideration. The beneficial effects of an antifibrotic agent\'s effects might take months to years to become manifested, and, therefore, an early hospital admission event might not reflect drug activity and may have a greater likelihood of reflecting drug toxicity. Although this would obviously be important to report, this information is best captured as a serious adverse event, rather than as an endpoint.

In summary, whereas hospitalization events may well be a valid endpoint, there are many nuances that need to be considered depending on the distribution of study sites, the nature of the drug and the patient population being studied.

MORTALITY
=========

Mortality is commonly regarded as the most robust endpoint for assessing efficacy in IPF clinical trials. Although mortality has been examined in many studies, a positive benefit has not been demonstrated in any single clinical trial to date. In the only studies that have shown an apparent mortality difference, this has paradoxically been driven by an untoward increased mortality rate in the active treatment arm \[[@R25],[@R26]\]. Most studies of antifibrotic therapies have appropriately targeted patients with mild-to-moderate disease. However, it has recently been demonstrated that the mortality rate in the context of IPF studies is lower than expected with recently described 1- and 2-year mortality rates of 6.6 and 13.7%, respectively [@R27],[@R28]. Therefore, mortality studies will, by necessity, be longer in their duration and not provide the opportunity for participants to receive open-label drug based on clinical worsening. Whereas patients might agree to participate when they have early disease and are less symptomatic, the ability to retain patients who deteriorate might become difficult. A significant drop-out rate would have deleterious consequences for the integrity and interpretation of any such mortality study. IPF may have a composite of causes for mortality. It has been estimated that approximately 44% of patients with IPF die from another cause, whereas in the context of clinical studies, approximately 17--23% of IPF study participants may die from another cause \[[@R27],[@R29]\]. This lower estimate likely reflects the exclusion of participants with significant comorbid conditions from clinical trial participation. In summary, although mortality may be regarded as the gold standard endpoint for clinical trials in IPF, there are numerous pitfalls that need to be accounted for in the design of any such studies. Mortality studies might best be suited for patients with more advanced disease, patients who are having an acute exacerbation or other groups of patients who are deemed to be at high risk of disease progression.

COMPOSITE ENDPOINTS
===================

Composite endpoints have been gaining favor in many different diseases and offer a number of advantages \[[@R30]\]. In diseases that manifest a multitude of deleterious consequences, they enable different important domains to be captured in one predetermined endpoint. This therefore represents a more global representation of the effects of the drug. Since a wider net is being cast in terms of possible outcomes, more events may be anticipated. The benefits of this are that fewer patients and less time might be needed to complete the study in the context of an event-driven study design.

There are a number of prerequisites for the ideal composite. There should be minimal colinearity between its components; in other words, they should not provide variations of the same information. Ideal composite endpoints should have equal weighting between components. This holds true for how meaningful the endpoint is as well as the numerical distribution of events. Indeed, an inequitable distribution of events can lead to misinterpretation of the study results. In the context of IPF, time to clinical worsening could be captured in a composite. Components to consider for building a composite include: categorical change in the FVC, categorical change in the 6MWT distance, respiratory hospitalization event, change in functional class, transplantation or death. Potential components of composite endpoints are shown in Fig. [1](#F1){ref-type="fig"}.
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Lung transplantation has its own inherent pitfalls as an endpoint or component of a composite. First, not all patients with IPF will be transplant candidates, and, therefore, the younger patients and those without comorbidities will have another endpoint imposed, which will result in a clinical worsening bias against these patients. Similar to hospitalization, there are many institutional, regional and international differences not only in who is listed, but also donor organ prioritization as well as duration of time on the lung transplant wait list.

Composite endpoints can be made up of physiologic parameters alone. For example, change in the FVC and change in the 6MWT distance appear to reflect different disease domains. Whereas there is inevitably some colinearity between the two, they can also worsen independently. This might be due to the FVC reflecting progressive fibrosis, whereas pulmonary vascular involvement, specifically interceding pulmonary hypertension, might be best captured by a change in the 6MWT.

The FVC and DLco can also be used in combination as an endpoint. Although there is significant colinearity between the two, each can be used to validate smaller decrements in the other, thereby enabling lower thresholds to be set to define disease worsening. These individual criteria may be applied in a synchronous or serial fashion (Fig. [2](#F2){ref-type="fig"}). A summary of composites that have been used in prior studies is shown in Table [2](#T2){ref-type="table"}.

![Theoretic construct of how a smaller change in the forced vital capacity validated by a change in the DLco may enable a shorter time interval to disease worsening. (A) A decrease in the FVC of 5% accompanied by a 10% decrement in the DLco results in the theoretic patient meeting the study endpoint at 12 months. (B) A patient who met the FVC criterion of a 5% decrease at 12 months has a 10% decrease in the DLco by 15 months and therefore meets the study endpoint. (C) Assuming a linear rate of decrement, in the absence of consideration of the DLco change, the patient meets the threshold of a 10% decrease in the FVC at 24 months. DLco, single breath diffusing capacity for carbon monoxide; FVC, forced vital capacity.](copme-20-463-g003){#F2}

COMPUTED TOMOGRAPHY SCORING
===========================

With the advent of high-resolution computed tomography (CT) scanners and sophisticated software programs, there are endeavors to now include objective CT-based scoring systems as endpoints for clinical trials in IPF \[[@R31]\]. Previous attempts to characterize image-based disease burden have used more crude subjective scoring systems \[[@R32]\]. Although it makes intuitive sense to score change in the extent of disease via high-resolution imaging, the accuracy, reproducibility and precision of these imaging modalities remain to be determined.

PATIENT-REPORTED OUTCOMES
=========================

Patient-reported outcomes (PROs) are important constituents for any study in IPF \[[@R33]\]. There are a number of quality-of-life (QOL) measures that have been employed previously in the context of clinical trials, but most of these have not been IPF-specific instruments, such as the Saint George\'s Respiratory Questionnaire (SGRQ), the 36-Item Short Form Health Survey (SF-36) and the San Diego shortness of breath questionnaire (SDSQ). There have been attempts to develop IPF-specific instruments that capture the global burden of the disease, and it makes intuitive sense that such instruments should be further validated and employed in future studies \[[@R34],[@R35]\]. In patients with very advanced disease in which stage symptom palliation is the primary objective, the use of such instruments as primary outcome measures might make sense.

BLOOD BIOMARKERS
================

A biomarker is defined as an objectively measured indicator of a normal or abnormal biological process that may also track progression of disease and/or the response to a therapeutic intervention. There are, however, no validated biomarkers that track progression of disease in IPF, and none have yet been shown to track response to therapy. A number of serum protein biomarkers have been shown to be increased \[e.g. Krebs von den Lungen 6 glycoprotein (KL-6), surfactant protein A (SPA), chemokine (C-C motif) ligand 18 (CCL 18), matrix metalloproteinase-7 (MMP-7), intercellular adhesion molecule-1 (ICAM-1), interleukin (IL)-8, vascular cell adhesion molecule-1 (VCAM-1) and S100 calcium binding protein A12 (S100A12)\] or decreased (albumin) in IPF and to be predictors of survival \[[@R36]--[@R39]\]. However, the reproducibility of these measures and the precision of serial change in predicting subsequent outcomes have yet to be established. Beyond proteins, other serum biomarkers may be useful, including the red cell distribution width, which is readily available on routine complete blood counts and has been shown to correlate with outcomes in IPF \[[@R40]\]. An increased level of brain natriuretic peptide (BNP), which may reflect the presence of underlying pulmonary hypertension or heart failure, has also been shown to be associated with worse outcomes \[[@R41]--[@R43]\]. BNP or pro-NT BNP levels may be useful to track as secondary endpoints in IPF studies that target the treatment of IPF-associated pulmonary hypertension. Many other cytokines and chemokines have been recently identified that are elevated as a consequence of the pathogenic cascade in IPF \[[@R44],[@R45]\]. Indeed, proteomic and transcriptomic biomarkers have been identified that appear to be highly predictive of disease progression and mortality, and these may prove to be useful to stratify study participants enrolled in clinical trials [@R46],[@R47]. However, whether serial change in any of these biomarkers ultimately proves to be a useful prognostic biomarker or study endpoint remains to be established.

PULMONARY VASCULAR MARKERS
==========================

There is increasing recognition of the role of pulmonary vascular changes in the clinical course of patients with IPF. The prevalence of pulmonary hypertension has been reported as ranging anywhere from 10 to 85% \[[@R48]\]. The presence of pulmonary hypertension, even when mild in nature, has a strong association with subsequent outcomes. Whether treating pulmonary hypertension is a worthwhile approach and which patient phenotype to study with this form of targeted therapy also remain to be determined. Additionally, the presence of pulmonary hypertension or right-ventricular dysfunction might be important to establish during patient selection for any study in order to either stratify patients or identify a group at higher risk for disease progression and mortality.

CONCLUSION
==========

There are many necessary components to the implementation and completion of a successful IPF trial, not least of which is the chosen endpoint. However, consensus on the best IPF endpoint for clinical trials remains elusive. Whereas mortality has come to be commonly regarded as the 'gold standard' endpoint in this deadly disease, the implementation and successful completion of such studies are prone to many potential pitfalls. Because of the inherent difficulties and costs of mortality studies, other endpoints need to be considered not only for earlier phase trials, but also for pivotal phase 3 studies. Event-driven studies and composites of events that capture the full spectrum of untoward outcomes represent attractive, pragmatic approaches. Finally, the investigational agent and the patient phenotype being studied are important considerations in choosing the best endpoint for any given study.
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###### 

Clinical trial endpoints (summary of advantages and potential pitfalls)

  Test                                    Test parameter                                     Advantages                                                                                                  Potential issues and disadvantages
  --------------------------------------- -------------------------------------------------- ----------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------
  FVC [@R4],[@R5], [@R7]--[@R9]           FVC categorical change                             Greater sensitivity or specificity                                                                          Dependent upon predefined change threshold
                                          FVC absolute change                                Traditional measurement of choice                                                                           Greater decrease in FVC required to meet 10% threshold
                                          FVC relative change                                'Autocorrects' for baseline FVC                                                                             
                                          FVC slope of change                                Includes all FVC measurements obtained during course of study (decreases effect of intrinsic variability)   
  DLco \[[@R13]\]                         DLco raw value (Kco)                               Measure of gas exchange                                                                                     May be difficult to perform
                                                                                             Better prognostic indicator than FVC                                                                        Somewhat more variable than FVC
                                                                                                                                                                                                         Can be affected by significant cardiac dysfunction
                                          DLco adjusted for alveolar volume (DL/VA)          May track a disease domain not captured by lung volume measurements                                         The presence of coexistent emphysema may confound this measurement. Value of serial measurements affected by the variability of individual components
                                          DLco adjusted for blood hemoglobin concentration   Adjusts for factors such as anemia or polycythemia                                                          
  6MWT \[[@R14]--[@R22]\]                 6MWT distance                                      Baseline and change in 6MWT distance correlates with outcome                                                Change in 6MWT distance may be influenced by other factors
                                          6MWT oxygen saturation profile                     May be more clinically relevant than 6MWT distance                                                          Subject to more variability
                                          6MWT composite                                     Distance-saturation product incorporates two factors                                                        Not validated for IPF
                                          6MWT pulse rate recovery                           Potentially better prognostic indicator than distance or saturation                                         
                                                                                             Correlates with coexistent pulmonary hypertension                                                           
  Hospitalization [@R23],[@R24], [@R25]   All-cause hospitalization (nonelective)            Validation is lacking                                                                                       Nonrespiratory events will confound the signal
                                                                                                                                                                                                         Practice habits can be highly variable
                                          Hospitalization for a respiratory event            Available data suggest a significant impact on subsequent outcomes                                          Early events may not reflect effects/benefit of the study drug
  Mortality [@R27],[@R28], [@R29]         All-cause                                          Considered to be a robust endpoint                                                                          Longer study duration and more patients required
                                                                                             May be better suited for studies of patients with more advanced disease                                     Can be affected by significant co-morbid conditions
                                                                                                                                                                                                         High cost
                                          Respiratory                                        More specific to the effects of the disease                                                                 Difficult to adjudicate
  HRCT \[[@R31],[@R32]\]                  HRCT scoring                                       Improved imaging and computer-based scoring have increased accuracy                                         Accuracy, precision, and reproducibility have yet to be determined and validated
  Questionnaire \[[@R33]--[@R35]\]        Patient-reported outcomes                          Can capture quality of life, dyspnea, cough, or global burden of disease measures                           IPF-specific instruments have not been adequately validated
  Blood tests \[[@R36]--[@R39]\]          Blood biomarkers                                   Study length may be able to be shortened If disease progression is accurately reflected                     Reproducibility and precision as predictors of disease progression have not been validated
                                                                                             May be useful to stratify patients                                                                          
  Composites \[[@R30]\]                   (see Table [2](#T2){ref-type="table"})             May enable shorter event-driven studies Global reflection of disease progression                            May be compromised if measures are tightly linked to each other (e.g. co-linearity of pulmonary function measures)
                                                                                                                                                                                                         Components: May be imbalance in importance and occurrence of individual measures.

6MWT, 6-min walk test; FVC, forced vital capacity; HRCT, high-resolution computed tomography; IPF, idiopathic pulmonary fibrosis; VA, alveolar volume.

###### 

Constituents of composite endpoints from prior clinical trials in IPF

  Study name (year[^a^](#TF2-1){ref-type="table-fn"})   Drug                       Nomenclature                                                             Death       FVC               DLco     O~2~                   6MWT                                        Respiratory decompensation                           Lung transplant   AE
  ----------------------------------------------------- -------------------------- ------------------------------------------------------------------------ ----------- ----------------- -------- ---------------------- ------------------------------------------- ---------------------------------------------------- ----------------- -----
  \(2004\)                                              Interferonδ                Progression-free survival[^b^](#TF2-2){ref-type="table-fn"}                          ↓\>10%                     P(A-a)O~2~ ↑\>5 mmHg                                                                                                                      
  \(2010\)                                              Imatinib                   Disease progression[^b^](#TF2-2){ref-type="table-fn"}                    Yes         ↓\>10%                                                                                                                                                               
  BUILD 3 (2011)                                        Bosentan                   IPF worsening or all-cause mortality[^b^](#TF2-2){ref-type="table-fn"}   All-cause   ↓\>10% + ↓\>15%                                                                                                                                    Yes               
  \(2011\)                                              Everolimus                 Disease progression[^b^](#TF2-2){ref-type="table-fn"}                                ↓\>10% (or TLC)   ↓\>15%   ↓4% SpO~2~ rest                                                                                                                           
  Capacity studies                                      Pirfenidone                Progression-free survival[^c^](#TF2-3){ref-type="table-fn"}              All-cause   ↓\>10%            ↓\>15%                                                                                                                                             
  \(2011\)                                                                         Worsening IPF[^c^](#TF2-3){ref-type="table-fn"}                          yes                                                                                                       Respiratory Hospitalization                          Yes               Yes
  Panther (2012)                                        Azathioprine/prednisone/   Death or hospitalization[^c^](#TF2-3){ref-type="table-fn"}               Yes                                                                                                       All-cause hospitalization                                              
                                                        NAC                        Death or disease progression[^c^](#TF2-3){ref-type="table-fn"}           Yes         ↓\>10%                                                                                                                                                               
  ACE (2012)                                            Coumadin                   Composite[^b^](#TF2-2){ref-type="table-fn"}                              Yes         ↓\>10%                                                                                        All-cause hospitalization nonelective, nonbleeding                     
  Artemis-IPF (2013)                                    Ambrisentan                IPF disease progression[^b^](#TF2-2){ref-type="table-fn"}                Yes         ↓≥10% + ↓≥5%                                      Respiratory Hospitalization (adjudicated)                                                                          
                                                                                                                                                                        ↓≥5% + ↓≥15%                                                                                                                                                         
  Music (2013)                                          Macitentan                 IPF worsening or death [^c^](#TF2-3){ref-type="table-fn"}                All-cause   ↓\>10% + ↓\>15%                                   Yes                                                                                                                
  Ascend (2014)                                         Pirfenidone                Progression free survival[^c^](#TF2-3){ref-type="table-fn"}              Yes         ↓\>10%                                            ↓50 meters                                                                                                         

6MWT, 6-min walk test; AE, acute exacerbations; FVC, forced vital capacity; IPF, idiopathic pulmonary fibrosis.

^a^Year of publication or data release.

^b^Primary endpoint.

^c^Secondary endpoint.
